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Arabinoxylan oligosaccharides (AXOS) are a promising class of prebiotics that have the potential to stimulate the growth of bifi-
dobacteria and the production of butyrate in the human colon, known as the bifidogenic and butyrogenic effects, respectively.
Although these dual effects of AXOS are considered beneficial for human health, their underlying mechanisms are still far from
being understood. Therefore, this study investigated the metabolic interactions between Bifidobacterium longum subsp. longum
NCC2705 (B. longum NCC2705), an acetate producer and arabinose substituent degrader of AXOS, and Eubacterium rectale
ATCC 33656, an acetate-converting butyrate producer. Both strains belong to prevalent species of the human colon microbiota.
The strains were grown on AXOS during mono- and coculture fermentations, and their growth, AXOS consumption, metabolite
production, and expression of key genes were monitored. The results showed that the growth of both strains and gene expression
in both strains were affected by cocultivation and that these effects could be linked to changes in carbohydrate consumption and
concomitant metabolite production. The consumption of the arabinose substituents of AXOS by B. longum NCC2705 with the
concomitant production of acetate allowed E. rectale ATCC 33656 to produce butyrate (by means of a butyryl coenzyme A
[CoA]:acetate CoA-transferase), explaining the butyrogenic effect of AXOS. Eubacterium rectale ATCC 33656 released xylose
from the AXOS substrate, which favored the B. longum NCC2705 production of acetate, explaining the bifidogenic effect of
AXOS. Hence, those interactions represent mutual cross-feeding mechanisms that favor the coexistence of bifidobacterial strains
and butyrate producers in the same ecological niche. In conclusion, this study provides new insights into the bifidogenic and
butyrogenic effects of AXOS.

Fermentation in the human colon is carried out by trillions of
bacteria that contribute not only to health and well-being but

also to disease (1–4). For instance, a decrease in the relative abun-
dance of bifidobacteria in the human colon has been associated
with antibiotic-associated diarrhea, irritable bowel syndrome, in-
flammatory bowel disease, allergies, and regressive autism (5, 6).
Although it is currently not yet clear whether changes in microbial
composition are a cause or a consequence of these disorders, there
are indications that metabolites, in particular, the short-chain
fatty acids (SCFAs), such as acetate, butyrate, and propionate, that
are produced during fermentation in the colon play an important
role in intestinal homeostasis (3, 7). Among the SCFAs produced
in the human colon, butyrate has drawn the most attention, as it is
an essential energy source for the colon epithelial cells and has a
protective effect against inflammatory bowel disease and colon
cancer (3, 8, 9). Most butyrate producers belong to the Firmicutes
phylum and use a butyryl coenzyme A (CoA):acetate CoA-trans-
ferase in the final step of butyrate biosynthesis, which involves the
net consumption of external acetate as a cosubstrate (10–12). This
enzyme is present in the most abundant bacteria in the human
colon, such as Faecalibacterium prausnitzii (up to 14% of the total
fecal microbiota), Eubacterium rectale (up to 13%), and other bu-
tyrate producers, such as Roseburia spp., Anaerostipes caccae, and
Eubacterium hallii (10–15).

One way to influence the activity and composition of the colon
microbiota is by consuming nondigestible food compounds,
termed prebiotics, such as inulin-type fructans (ITF), xylo-oligo-

saccharides (XOS), arabinoxylans (AX), and arabinoxylan oligo-
saccharides (AXOS) (12, 16, 17). AX and their hydrolysis prod-
ucts, AXOS, are a promising class of prebiotics, as they have the
potential to stimulate bifidobacteria, as ITF do, a so-called bifido-
genic effect (12, 18–24). Also, like ITF, they seem to stimulate the
production of butyrate and an increase in the relative abundance
of Eubacterium spp., Roseburia spp., and F. prausnitzii, a so-called
butyrogenic effect (12, 18, 19, 21, 25–29).

Although the bifidogenic and butyrogenic effects of AX and
AXOS are considered to be beneficial for human health, their
overall underlying mechanisms and microbial backgrounds are
still largely unknown. It is, however, probable that cross-feeding
mechanisms like those that take place with ITF occur, in which
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case primary degraders such as bifidobacteria selectively and com-
petitively degrade these fructose polymers to produce acetate and
lactate, which are consumed by secondary degraders, such as rose-
burias, which produce butyrate (12, 30, 31). Recently, it has been
suggested that the bifidogenic effect of AXOS is the result of spe-
cialization in the AXOS degradation mechanisms of bifidobacte-
rial strains through complementary activities to avoid competi-
tion with each other and, hence, to be able to degrade these
complex oligosaccharides by cooperation (12, 32). Several bifido-
bacterial strains have been grouped into five clusters according to
the differences in their AXOS consumption patterns. Some strains
prefer monosaccharides, while others consume the arabinose sub-
stituents of AXOS, whether or not this is followed by the con-
sumption of the xylose backbones, either up to xylotetraose or
longer xylose backbones and either intracellularly or extracellu-
larly (32). However, it is currently not yet known if butyrate-
producing colon bacteria can consume AX and AXOS and/or if
AX- and AXOS-degrading colon bacteria participate in cross-
feedings for butyrate production. For instance, in the case of
ITF, colonic bacteria other than bifidobacteria may consume
these fructose polymers either directly or through cross-feeding
(10, 30).

This study aimed to provide an in-depth understanding of the
metabolic interactions between Bifidobacterium longum subsp.
longum NCC2705 (hereafter B. longum NCC2705), an acetate
producer and arabinose substituent degrader of AXOS (32), and
Eubacterium rectale ATCC 33656, an acetate-converting butyrate
producer, during growth on AXOS. In particular, reverse tran-
scription-quantitative PCR (RT-qPCR) was used to assess the dif-
ferential expression of genes related to AXOS consumption, me-
tabolite production, and potential associated stress and cellular
responses between mono- and cocultures of both strains during
various stages of their growth.

MATERIALS AND METHODS
Strains and media. B. longum NCC2705, an isolate from infant feces
kindly provided by F. Arigoni (Nestlé Research Center, Lausanne, Swit-
zerland) and a representative of cluster II AXOS-degrading bifidobacterial
strains, i.e., strains that consume the arabinose substituents of AXOS (32),
was used throughout this study, as its whole-genome sequence has been
annotated (33) and most of its annotated AX- and AXOS-degrading en-
zymes have been experimentally characterized (34). Moreover, this spe-
cies is one of the dominant bifidobacterial species of the human gut mi-
crobiota (12). Eubacterium rectale ATCC 33656, an isolate from human
feces purchased from the American Type Culture Collection (ATCC; Ma-
nassas, VA), was chosen as an abundant butyrate-producing strain with
an annotated whole-genome sequence (35). Stock cultures were stored at
�80°C in reinforced clostridial medium (RCM; Oxoid, Basingstoke,
Hampshire, United Kingdom) supplemented with 25% (vol vol�1) glyc-
erol (EMD Chemicals, Gibbstown, NJ) as a cryoprotectant. The authen-
ticity of the strains was confirmed through 16S rRNA gene sequencing
using the primers 63F and 1378R (36).

A medium for colon bacteria (MCB) (37) was used for the fermenta-
tion experiments. MCB was composed of the following compounds:
Bacto peptone (BD Biosciences, Mississauga, ON, Canada), 6.5 g liter�1;
Bacto soytone (Difco Laboratories, Detroit, MI), 5.0 g liter�1; yeast ex-
tract (BD Biosciences), 3.0 g liter�1; tryptone (BD Biosciences), 2.5 g
liter�1; NaCl (Fisher Scientific, Fair Lawn, NJ), 4.5 g liter�1; K2HPO4

(J. T. Baker Chemical, Phillipsburg, NJ), 0.45 g liter�1; KH2PO4 (BDH,
Toronto, ON, Canada), 0.45 g liter�1; MgSO4·7H2O (Fisher Scientific),
0.09 g liter�1; CaCl2 (Fisher Scientific), 0.07 g liter�1; cysteine-HCl (Acros
Organics, Morris Plains, NJ), 0.4 g liter�1; NaHCO3 (BDH), 0.2 g liter�1;

MnSO4·H2O (Fisher Scientific), 0.05 g liter�1; FeSO4·7H2O (Fisher Sci-
entific), 0.005 g liter�1; ZnSO4·7H2O (Sigma-Aldrich, Oakville, ON, Can-
ada), 0.005 g liter�1; hemin (Sigma-Aldrich), 0.005 g liter�1; menadione
(Sigma-Aldrich), 0.005 g liter�1; Tween 80 (Sigma-Aldrich), 2.0 ml li-
ter�1; and resazurin (0.1-g liter�1 solution; Acros Organics), 10.0 ml li-
ter�1. In the case of monoculture fermentations with E. rectale ATCC
33656, MCB was supplemented with 4.0 g liter�1 of sodium acetate (Cal-
biochem, Darmstadt, Germany), as acetate is an indispensable cosubstrate
for its growth (30, 31). This medium is further referred to as modified
MCB (mMCB). MCB and mMCB supplemented with 1.0 g liter�1 of
arabinose (Sigma-Aldrich) and 4.0 g liter�1 of xylose (Sigma-Aldrich) as
the sole added energy sources, to mimic the typical arabinose/xylose ratio
of 0.25 of AXOS (further referred to as MCB-AraXyl and mMCB-AraXyl,
respectively), were used for inoculum buildup. All compounds were dis-
solved in demineralized water, and the medium was adjusted to pH 6.3
before sterilization. Wheat AXOS-5-0.27 (Fugeia, Leuven, Belgium) was
used as the sole energy source and was added at a final concentration of 5.0
g liter�1 to assess its fermentation. AXOS-5-0.27 has an average degree of
polymerization of 5, has an arabinose/xylose ratio of 0.27, and contains
1% (mass mass�1) ferulic acid. As it has previously been shown that
AXOS-5-0.27 contains XOS as well (32, 38), the complete substrate is
further referred to as (A)XOS, and the individual components are referred
to as AXOS and XOS(A)XOS.

Mono- and coculture fermentation experiments. Fermentations
were carried out in 1-liter fermentors (système automatisé Biogénie qua-
druple; Biogénie, Quebec, QC, Canada) containing MCB or mMCB for
the monoculture fermentation experiments with B. longum NCC2705 and
E. rectale ATCC 33656, respectively, and containing MCB for the cocul-
ture fermentation experiments with both strains. After sterilization at
121°C with 1.1 � 105 Pa of overpressure for 20 min in an autoclave, the
fermentors were put under anaerobic conditions by continuously sparg-
ing them with a mixture of 90% N2 and 10% CO2 (Praxair, Quebec, QC,
Canada) in the case of monoculture fermentations with B. longum
NCC2705 or with 100% N2 (Praxair) in the case of monoculture fermen-
tations with E. rectale ATCC 33656 and coculture fermentations with both
strains. This was followed by aseptic addition of the (A)XOS stock solu-
tions that were filter sterilized (MediaKap-50 Plus high-performance hol-
low fiber membrane filters; pore size, 0.2 �m; Microgon, Rancho Domin-
guez, CA). The temperature, pH, and agitation of the fermentors were
controlled online and kept constant at 37°C, pH 6.3 by automatic addition
of a 5.0 M NaOH (EMD Chemicals) solution, and 100 rpm, respectively.
The inocula (5.0% [vol vol�1]) were prepared through three subcultures.
The stock culture cells of B. longum NCC2705 and E. rectale ATCC 33656
were first inoculated into 10 ml of RCM and incubated anaerobically in a
glove box anaerobic chamber (Plas-Labs, Lansing, MI) containing an at-
mosphere of 80% N2, 10% H2, and 10% CO2 (Praxair) at 37°C for 12 h
and 24 h, respectively. Next, 5.0% (vol vol�1) of each subculture was
grown in 100 ml of MCB-AraXyl (B. longum NCC2705) or mMCB-
AraXyl (E. rectale ATCC 33656), followed by anaerobic incubation at 37°C
for 12 h. Subsequently, a third subculture of 5.0% (vol vol�1) was inocu-
lated into 100 ml of the same medium and was incubated at 37°C for an
additional 12 h.

All fermentations were performed in triplicate (these are further re-
ferred to as biological repetitions). Samples were taken after 0, 3, 6, 9, 12,
15, 24, 30, and 48 h of fermentation. Samples selected for metabolite
analyses were immediately centrifuged at 5,000 � g for 15 min at 4°C and
stored at �20°C until analysis.

Monitoring of bacterial growth. (i) OD measurements. The optical
density (OD) at 600 nm (OD600) was determined with a visible light spec-
trophotometer (Genesys 20; Thermo Scientific, Waltham, MA). Ultra-
pure water was used as a blank. Samples were diluted with water until the
optical density was less than 0.3 unit. The resultant reading was multiplied
by the dilution factor to give the correct population density, expressed in
OD600 units. Each measurement was performed in triplicate. Averages
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and standard errors were calculated on the basis of the three biological
repetitions.

(ii) Plate count determinations. To determine the viable (cultivable)
bacterial counts, expressed as the number of CFU per milliliter, samples
were immediately diluted 10-fold in sterile physiological saline (0.85%
[mass vol�1] NaCl). Platings were performed on RCM agar (1.5% [mass
vol�1] agar) in triplicate. The plates were incubated at 37°C under anaer-
obic conditions (glove box anaerobic chamber) for 24 h. Averages and
standard errors were calculated on the basis of the three biological repe-
titions. As E. rectale ATCC 33656 was very oxygen sensitive, plate counts
were determined only for B. longum NCC2705.

(iii) qPCR and PMA-qPCR analyses. To determine the concentra-
tions of both the dead and viable (cultivable and noncultivable) cells of B.
longum NCC2705 and E. rectale ATCC 33656, strain-specific quantitative
PCR (qPCR) experiments targeting the elongation factor Tu (tuf) gene
were performed. Both strains contained only one copy of this gene in their
genomes (39), allowing the determination of their cell concentrations by
quantification of the tuf copy number.

To distinguish viable and dead cells, qPCR in combination with pro-
pidium monoazide (PMA) (PMA-qPCR) was used (40). Therefore, sam-
ples were immediately diluted 1:10 with sterile peptone water (1 g liter�1

of Bacto peptone, 0.5 g liter�1 of cysteine-HCl, pH 6.8) and microcentri-
fuged at 15,000 � g for 15 min at 4°C. In the case of PMA-qPCR, the
samples were first treated with 50 �M PMA (Biotium, Hayward, CA) and
shaken in the dark for 5 min at room temperature. Next, the PMA-treated
cell suspensions were placed in an LED-Active Blue system (Ingenia Bio-
systems, Barcelona, Spain) for 15 min, followed by microcentrifugation at
15,000 � g for 15 min at 4°C. Cell pellets were stored at �80°C until DNA
extraction.

Genomic DNA was extracted using a DNeasy blood and tissue kit
(Qiagen, Mississauga, ON, Canada) according to the manufacturer’s pro-
tocol for Gram-positive bacteria, with minor modifications; i.e., 2.5 �l
ml�1 of mutanolysin (20 U ml�1; Sigma-Aldrich) was added to the lysis
buffer, and an additional incubation with DNase-free RNase (Roche, La-
val, QC, Canada) was performed at 37°C for 60 min. The extracted
genomic DNA was stored at �20°C until qPCR amplification.

Primers (see Table S1 in the supplemental material) were designed
using Geneious Pro R6 software (Biomatters, San Francisco, CA). The
presence of hairpins, self-dimers, and dimer pairs was checked using the
same software program. The primers were synthesized by Integrated DNA
Technologies (Coralville, IA). The gene and strain specificity of the prim-
ers was confirmed in silico by Primer-BLAST analysis (41) and in vitro by
qPCR analysis of genomic DNA of both strains (see Table S1 in the sup-
plemental material). qPCR was performed using a 7500 Fast real-time
PCR system (Applied Biosystems, Carlsbad, CA) equipped with 96-well
plates. Each PCR assay mixture of 20 �l contained 10 �l of Fast SYBR
green master mix (Life Technologies, Burlington, ON, Canada), 1 �l of
the extracted genomic DNA, 1 �l of each primer at its optimal concentra-
tion (see Table S1 in the supplemental material), and 8 �l of sterile nu-
clease-free water (Qiagen). The qPCR amplification program consisted of
an initial denaturation step at 95°C for 20 s, followed by 40 two-step cycles
at 95°C for 3 s and at 60°C for 30 s. In each run, negative controls (without
genomic DNA) and positive controls (with genomic DNA extracted from
B. longum NCC2705 or E. rectale ATCC 33656) were included for the two
primer sets used. At the end of each run, a melting curve analysis was
performed to check for the presence of nonspecific product formation
and primer dimers. The cycle threshold (CT) values were determined us-
ing 7500 software (v2.0.6; Applied Biosystems), thereby averaging the
automatically determined thresholds for each primer set over all runs
performed and using this average during a reanalysis of all qPCR runs. All
qPCR assays were performed in triplicate.

Finally, the tuf copy numbers per milliliter were calculated on the basis
of the CT values obtained, using the corresponding standard curve. Aver-
ages and standard errors were calculated on the basis of the three biolog-
ical repetitions. The standard curves for the tuf genes of B. longum

NCC2705 and E. rectale ATCC 33656 were constructed according to a
method previously described (42). Briefly, this method involves a PCR
assay (see Table S2 in the supplemental material), using a TProfessional
Basic gradient thermocycler (Biometra, Montreal, QC, Canada), with
primers binding to sequences up- and downstream of the qPCR primer-
binding sites of the tuf gene to obtain PCR amplicons containing the target
sequence, followed by a subsequent cleanup (QIAquick PCR purification
kit; Qiagen) of the amplification product to create qPCR standards. After
performing a 10-fold serial dilution of the qPCR standards and a qPCR
assay with the primers described above (see Table S1 in the supplemental
material), a standard curve was made by plotting the CT values obtained
from the serial dilutions of the qPCR standards as a linear function of the
logarithm of the calculated copy numbers per milliliter (equation 1):

copy number milliliter�1

�
(concentration of qPCR standard) � (6.022 � 1023)

amplicon molecular mass
(1)

where the concentration of the qPCR standard is in grams per milliliter,
6.022 � 1023 is the number of molecules per mole, and the amplicon
molecular mass is in grams per mole. The concentrations of the diluted
qPCR standards were determined with a Qubit (v2.0) fluorometer and a
Qubit double-stranded DNA high-sensitivity assay kit (Life Technolo-
gies). The molecular masses of the amplicons are listed in Table S2 in the
supplemental material.

Monitoring of (A)XOS consumption and metabolite production. (i)
Determination of carbohydrate concentrations. To monitor the con-
sumption of the (A)XOS substrate [consisting of arabinose, xylose,
XOS(A)XOS (xylobiose, xylotriose, xylotetraose, xylopentaose, xylo-
hexaose, and, possibly, also longer xylo-oligosaccharides), and AXOS],
quantitative and qualitative analyses were performed.

The quantitative analysis of arabinose, xylose, and XOS(A)XOS (xylo-
biose, xylotriose, xylotetraose, xylopentaose, and xylohexaose) break-
down was performed by high-performance anion-exchange chromatog-
raphy (HPAEC) with pulsed amperometric detection (PAD), as described
before (32). Briefly, cell-free supernatants obtained through centrifuga-
tion at 5,000 � g for 15 min at 4°C were deproteinized using the Carrez A
and Carrez B reagents and injected into a CarboPac PA100 analytical
column (Thermo Scientific) of an ICS-3000 chromatograph (Thermo Sci-
entific). A mixture of arabinose (Sigma-Aldrich), xylose (Sigma-Aldrich),
xylobiose, xylotriose, xylotetraose, xylopentaose, and xylohexaose (all
from Megazyme International, Bray, Ireland) was used as an external
standard to perform quantifications. The concentrations of XOS(A)XOS

molecules with chain lengths longer than the chain length of xylohexaose
could not be determined, as there are no commercial standards available
for these molecules. All samples were analyzed in triplicate. Averages and
standard errors were calculated on the basis of the three biological repe-
titions.

As no commercial standards are available for AXOS molecules, they
could be analyzed only qualitatively (32). Qualitative analysis of AXOS
breakdown was performed by HPAEC-PAD, as described before (32, 38).
Briefly, cell-free supernatants were deproteinized using the Carrez A and
Carrez B reagents and injected into a CarboPac PA200 analytical column
(Thermo Scientific) of an ICS-3000 chromatograph (Thermo Scientific).
To be able to identify the AXOS molecules in the HPAEC-PAD chromato-
grams, enzymatic reference degradation chromatograms were used.
These were generated through degradation of (A)XOS in solution by
�-arabinofuranosidases with known specificities, as described previously
(38).

(ii) Determination of metabolite concentrations. Acetate, lactate,
formate, ethanol, and butyrate concentrations were determined through
high-performance liquid chromatography with a Waters chromatograph
(Waters, Milford, MA) equipped with a differential refractive index de-
tector (Hitachi, Foster City, CA), a 600E controller, a column oven
(40°C), and a cooled 717 Plus autosampler. An ICSep ION-300 column
(Transgenomic, Omaha, NE) was used with an 8.5 mM H2SO4 solution as
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the mobile phase at a flow rate of 0.4 ml min�1. Samples were diluted two
times with ultrapure water, microcentrifuged at 20,000 � g for 15 min at
4°C, and filtered (pore size, 0.45 �m; Chromspec syringe filter; Chro-
matographic Specialties, Brockville, ON, Canada) before injection (25 �l)
into the column. A mixture of acetate, lactate, formate, and butyrate (all
from Sigma-Aldrich) plus ethanol (JT Baker Chemical) was used as an
external standard to perform the quantifications. All samples were ana-
lyzed in triplicate. Averages and standard errors were calculated on the
basis of the three biological repetitions.

Relative gene expression. The expression of genes involved in metab-
olite production, (A)XOS degradation, and stress and cellular responses
(see Tables S3 and S4 in the supplemental material) in B. longum
NCC2705 and E. rectale ATCC 33656 relative to their expression in two
controls (monoculture fermentations with B. longum NCC2705 and E.
rectale ATCC 33656) was studied after 3, 6, 9, and 24 h of coculture fer-
mentation.

(i) Primer and probe design. TaqMan gene expression assays (con-
taining both primers and probes; see Tables S3 and S4 in the supplemental
material) for determination of the expression of 40 target genes involved
in metabolite production, (A)XOS degradation, and stress and cellular
responses as well as for 10 reference genes were manually designed with
Geneious Pro R6 software (Biomatters). These assays were based on the
whole-genome sequences of B. longum NCC2705 (National Center for
Biotechnology Information [NCBI] accession number NC_004307, ac-
cessed in January 2014) and E. rectale ATCC 33656 (NCBI accession num-
ber NC_012781, accessed in January 2014). Gene functions (see Tables S3
and S4 in the supplemental material) were manually controlled on the
basis of literature data (33–35) and information from the NCBI database
(39) and the pathway databases BioCyc (43) and Kyoto Encyclopedia of
Gene and Genomes (KEGG) (44) (all accessed in August 2013). In addi-
tion, a functional prediction of the glycoside hydrolases possibly involved
in (A)XOS degradation by E. rectale ATCC 33656 was performed on the
basis of the sequences in the Carbohydrate-Active enZYmes database
(45), as has been done before for B. longum NCC2705 (34) (performed in
January 2014; see Material and Methods SM1 and Table S4 in the supple-
mental material). The presence of hairpins, self-dimers, and dimer pairs
in the TaqMan gene expression assays was assessed using Geneious Pro R6
(Biomatters). The primers and probes for the TaqMan gene expression
assays were synthesized by Life Technologies. The gene and strain speci-
ficities of the constructed TaqMan gene expression assays were confirmed
in silico by Primer-BLAST analysis (41) and in vitro by qPCR analysis of
genomic DNA of both strains (see Tables S3 and S4 in the supplemental
material).

(ii) RNA extraction. Samples (1 ml) for RNA extraction were taken
after 3, 6, 9, and 24 h of mono- and coculture fermentation and immedi-
ately treated with the RNAprotect Bacteria reagent (Qiagen) according to
the manufacturer’s instructions. Cell pellets were stored at �80°C until
RNA extraction.

Total RNA was extracted using an RNeasy minikit (Qiagen) in the case
of monoculture fermentations with B. longum NCC2705 and using an
RNeasy midikit (Qiagen) in the case of monoculture fermentations with
E. rectale ATCC 33656 and coculture fermentations with both strains and
minor modifications of the manufacturer’s instructions. Cell pellets were
suspended in 100 �l (RNeasy minikit) or 200 �l (RNeasy midikit) of TE
buffer (30 mM Tris base, 1 mM EDTA, pH 8.0) containing 15 mg ml�1 of
lysozyme (Sigma-Aldrich), 100 �l ml�1 of proteinase K (20 mg ml�1;
Sigma-Aldrich), and 100 �l ml�1 of mutanolysin (20 U ml�1; Sigma-
Aldrich) and incubated at 37°C for 45 min. After addition of 700 �l
(RNeasy minikit) or 1,500 �l (RNeasy midikit) of RLT buffer (Qiagen),
cell suspensions were transferred into sterile microtubes containing 50 mg
of zirconium beads (0.1 mm; BioSpec Products, Bartlesville, OK), shaken
three times for 60 s each time in a Mini-Beadbeater-16 cell disrupter
(BioSpec Products) with chilling on ice for 1 min between each step to
avoid RNA degradation, and microcentrifuged at 20,000 � g for 15 s to
remove cell debris. DNA was removed during RNA isolation by perform-

ing an on-column RNase-free DNase I (Qiagen) treatment according to
the manufacturer’s instructions. After elution of the RNA with 50 �l
(RNeasy minikit) or 150 �l (RNeasy midikit) of RNase-free water, 2 �l
(RNeasy minikit) or 6 �l (RNeasy midikit) of Protector RNase inhibitor
(40 U �l�1; Roche) was added and a second RNase-free DNase I treat-
ment (3 �l [RNeasy minikit] or 9 �l [RNeasy midikit] of DNase I [10 U
�l�1; Roche]) was performed at 37°C for 30 min. DNase I was inactivated
by adding 2 �l of EDTA (25 mM) to the reaction mixture and heating at
65°C for 15 min. The absence of DNA in the RNA samples was verified by
qPCR using the tuf-specific primers designed for B. longum NCC2705 and
E. rectale ATCC 33656 (see Table S1 in the supplemental material) on the
basis of the conditions described above (see Table S1 in the supplemental
material). RNA quality (expressed as the RNA integrity number [RIN])
and quantity were determined using an Agilent 2100 bioanalyzer (Agilent
Technologies, Santa Clara, CA). All extracted RNA was of good quality,
and the RINs varied from 8.3 to 10.0 (average, 9.5 � 0.4).

(iii) Monitoring of gene expression. Total RNA (diluted to a standard
concentration of 50 ng �l�1) was reverse transcribed into cDNA in a final
volume of 100 �l with a high-capacity cDNA reverse transcription kit with
RNase inhibitor (Applied Biosystems) according to the manufacturer’s
instructions, using a TProfessional Basic gradient thermocycler (Biome-
tra). The reverse transcriptase reaction was applied using the following
temperature profile: 25°C for 10 min, 37°C for 120 min, and 85°C for 5
min. cDNA samples were stored at �20°C for RT-qPCR analysis, and the
remaining RNA was stored at �80°C.

A qPCR based on TaqMan fluorescence was performed using a ViiA7
real-time PCR system (Applied Biosystems) equipped with 384-well
plates. Each PCR assay mixture of 10 �l contained 5 �l of TaqMan Fast
Advanced master mix (Life Technologies), 4 �l of the 2.5� TaqMan gene
expression assay mix (our own design in which the mixture contained
both primers and a TaqMan probe), and 1 �l of cDNA. The qPCR ampli-
fication program consisted of an initial denaturation step at 95°C for 20 s,
followed by 40 two-step cycles at 95°C for 1 s and at 60°C for 20 s. In each
run, negative controls (without cDNA) and positive controls (with
genomic DNA extracted from B. longum NCC2705 or E. rectale ATCC
33656) were included. The CT values were determined using ViiA7 soft-
ware (v1.2.4; Applied Biosystems), the automatically determined thresh-
olds for each TaqMan gene expression assay were averaged over all runs
performed, and this average was used during a reanalysis of all qPCR runs.
All qPCR assays were performed in triplicate.

(iv) Relative quantification of gene expression levels. The relative
expression ratio (RER), i.e., the level of expression of each target gene
during coculture fermentations compared to its level of expression during
monoculture fermentations in relation to the level of expression of mul-
tiple reference genes, was calculated by an efficiency-corrected relative
quantification methodology implemented in REST 2009 software (Qia-
gen) (46) for each time point of the three biological repetitions. Briefly,
this methodology consists of transformation of the CT value of each target
gene (coculture fermentation) into ECT values (where E is the PCR ampli-
fication efficiency). This is followed by division of this value by the corre-
sponding ECT value for the same target gene in the control sample (mono-
culture fermentation) (the ECT,control value) to obtain the E�CT value. In a
next step, the RER is determined by dividing the E�CT value by a normal-
ization factor, which is the geometric mean of the E�CT values of the most
stable reference genes. The E value for each TaqMan gene expression assay
(target genes and reference genes) was determined by performing qPCR
assays with a 5-log-unit dilution range of genomic DNA and plotting the
logarithm of the genomic DNA concentrations as a linear function of the
CT values obtained (47). From the slope of each standard curve, E was
calculated as 10�1/slope. The E values of the TaqMan gene expression as-
says varied from 1.79 to 2.02 (see Tables S3 and S4 in the supplemental
material). The CT cutoff value (the highest CT value) allowed was set at 32,
as it was found that higher values did not fit the standard curve. For
normalization, the selection of multiple reference genes with rather stable
expression levels was aimed at for both mono- and coculture conditions.
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The software geNorm (48) was used to identify which reference genes out
of five candidate genes for both B. longum NCC2705 and E. rectale ATCC
33656 (see Tables S3 and S4 in the supplemental material) were the most
stable at each time point in the experimental setup applied. In the case of
B. longum NCC2705, the genes coding for DNA-directed RNA polymer-
ase subunit � (rpoB), FoF1 ATP synthase subunit � (atpD), and ATP-
dependent DNA helicase PcrA (pcrA) were the most stable reference genes
after 3 h of fermentation and rpoB, atpD, and the recombinase A gene
(recA) were the most stable reference genes after 6, 9, and 24 h of fermen-
tation. In the case of E. rectale ATCC 33656, the genes coding for FoF1 ATP
synthase subunit � (EUBREC_0124), the DnaJ protein (EUBREC_1905),
and DNA polymerase III subunits 	 and 
 (EUBREC_0328) were the most
stable reference genes after 3 h of fermentation; the DNA-directed RNA
polymerase subunit � gene (EUBREC_0379), the preprotein translocase
subunit SecY gene (EUBREC_2512), and EUBREC_1905 were the most
stable reference genes after 6 h of fermentation; EUBREC_2512,
EUBREC_1905, and EUBREC_0328 were the most stable reference genes
after 9 h of fermentation; and EUBREC_0379, EUBREC_2512, and
EUBREC_0328 were the most stable reference genes after 24 h of fermen-
tation. The statistical significance of the RERs was calculated using REST
2009 software (http://www.gene-quantification.de/rest-2009.html) on
the basis of a pairwise fixed reallocation randomization test (46) with
2,000 permutations to determine whether the effects found were the result
of the coculturing of B. longum NCC2705 and E. rectale ATCC 33656 or by
chance only. P values of less than 0.050 were considered statistically sig-
nificant. Gene expression corresponding to a negative RER is further re-
ferred to as underexpression (i.e., gene expression was lower during co-
culture fermentation than during monoculture fermentation), whereas
gene expression corresponding to a positive RER is further referred to as
overexpression (i.e., gene expression was higher during coculture fermen-
tation than during monoculture fermentation).

RESULTS
Cocultivation of Bifidobacterium longum NCC2705 and Eubac-
terium rectale ATCC 33656. (i) Effect of cocultivation on bacte-
rial growth. The growth curves of the strains B. longum NCC2705
and E. rectale ATCC 33656 obtained during the coculture fermen-
tations showed patterns different from those obtained during the
monoculture fermentations with either strain (Fig. 1). The qPCR
and PMA-qPCR analyses unraveled that B. longum NCC2705
reached a first stationary growth phase after 3 h of coculture fer-
mentation, after which it resumed its growth to reach a second
stationary growth phase after 15 h of coculture fermentation (Fig.
1C). This growth profile was not seen during the monoculture
fermentations with B. longum NCC2705 (Fig. 1A). During the
second stationary growth phase of the coculture fermentations,
the cell concentrations of B. longum NCC2705 were comparable
to those during its stationary growth phase during the monocul-
ture fermentations (Fig. 1A and C). The cell concentrations of B.
longum NCC2705 obtained by PMA-qPCR were lower than those
obtained by qPCR, indicating the presence of dead bacteria, but
the differences in cell concentrations were larger during the cocul-
ture fermentations (Fig. 1C) than during the monoculture fer-
mentations (Fig. 1A). In contrast to the stable cell concentrations
of B. longum NCC2705 obtained by PMA-qPCR and qPCR, its
plate counts decreased about 1.0 log unit (CFU milliliter�1) dur-
ing the stationary growth phase after 30 h of monoculture fermen-
tation and already after 24 h of coculture fermentation (Fig. 1E),
indicating the presence of dead bacteria and viable but nonculti-
vable bacteria.

As was seen for B. longum NCC2705, the PMA-qPCR and
qPCR results showed larger differences in cell concentrations of E.
rectale ATCC 33656 during the coculture fermentations (Fig. 1D)

than during the monoculture fermentations (Fig. 1B), indicating
the presence of a higher number of dead bacteria during coculture
fermentation. This was especially the case during the late station-
ary growth phase after 24 h of coculture fermentation, whereby
the results obtained by PMA-qPCR were 0.7 log unit (tuf copy
number ml�1) lower than those obtained by qPCR (Fig. 1D).
Moreover, during the coculture fermentations, the PMA-qPCR
cell concentrations of E. rectale ATCC 33656 decreased 1.7 log unit
(tuf copy number ml�1) between 15 h and 48 h of fermentation
(Fig. 1D), whereas the cell concentrations decreased only slightly
during the monoculture fermentations (Fig. 1B). A noteworthy
finding was that in the case of the coculture fermentations, the
total (dead and viable) cell concentrations of E. rectale ATCC
33656 also decreased during the stationary growth phase (Fig.
1D). Similarly, the decrease in the OD600 was more profound dur-
ing the coculture fermentations than during the monoculture fer-
mentations (Fig. 1F).

(ii) Effect of cocultivation on (A)XOS consumption and me-
tabolite production. Differences in (A)XOS consumption and
metabolite production kinetics were found between the mono-
and coculture fermentations (Fig. 2 and 3). During the monocul-
ture fermentations, B. longum NCC2705 did not consume
XOS(A)XOS but consumed free arabinose and xylose and the ara-
binose substituents (both mono- and disubstituted) of AXOS.
This was accompanied by an increase in the xylobiose, xylotriose,
xylotetraose, xylopentaose, and xylohexaose concentrations (Fig.
2A) and possibly also the concentrations of longer XOS(A)XOS (Fig.
3A) in the extracellular medium. Bifidobacterium longum
NCC2705 produced acetate, ethanol, formate, and lactate (Fig.
2B). Acetate, ethanol, and formate reached stable concentrations
after 6 h of monoculture fermentation, when B. longum NCC2705
reached its stationary growth phase and the monosaccharides and
arabinose substituents were exhausted. Lactate was no longer pro-
duced after 3 h of monoculture fermentation in favor of acetate,
formate, and ethanol production.

Eubacterium rectale ATCC 33656 consumed AXOS (both mono-
and disubstituted) and XOS(A)XOS, with arabinose and high concen-
trations of xylose being released into the extracellular medium during
the monoculture fermentations (Fig. 2C and 3B). However, xylobiose
was hydrolyzed less preferentially than the longer XOS(A)XOS. After 24
h of monoculture fermentation, when almost all (A)XOS molecules
were degraded and no additional arabinose and xylose were pro-
duced, these monosaccharides were consumed only from that point
on. During the consumption of the (A)XOS constituents, the acetate
that was added to the medium was consumed and butyrate was con-
comitantly produced (33.6 � 0.3 mM after 48 h of monoculture
fermentation). Also, lactate and formate were produced, although at
lower concentrations and only until 9 h of monoculture fermenta-
tion, after which the concentrations remained stable (Fig. 2D).

During the coculture fermentations with B. longum NCC2705
and E. rectale ATCC 33656, acetate, butyrate (15.4 � 0.2 mM after
48 h of fermentation), formate, ethanol, and lactate were pro-
duced (Fig. 2F). The E. rectale strain produced butyrate thanks to
the acetate produced by the B. longum strain, but more acetate was
produced by B. longum NCC2705 than was used by E. rectale
ATCC 33656. Quantitative (Fig. 2E) and qualitative (Fig. 3C)
analysis of (A)XOS degradation by B. longum NCC2705 and E.
rectale ATCC 33656 during the coculture fermentations revealed
breakdown profiles similar to those for E. rectale ATCC 33656
during the monoculture fermentations, although (A)XOS was de-
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pleted faster and lower concentrations of arabinose and xylose were
elaborated into the extracellular medium. Maximum arabinose and
xylose concentrations of 0.03 � 0.02 mM and 4.3 � 0.6 mM, respec-
tively, were measured after 9 h of fermentation during the coculture
fermentations (Fig. 2E), whereas maximum arabinose and xylose
concentrations of 1.4�0.2 mM and 7.3�0.2 mM, respectively, were
measured after 24 h of fermentation during the monoculture fermen-
tations (Fig. 2C). In addition, a sudden decrease in the xylose concen-

trations was measured, and this was accompanied by an increase in
acetate, ethanol, and formate (but not lactate) concentrations after 9
h of coculture fermentation (Fig. 2E and F).

Effect of cocultivation on gene expression. (i) Effect of
cocultivation on gene expression in Bifidobacterium longum
NCC2705. For all 20 genes studied in B. longum NCC2705 (Fig. 4),
significant (P � 0.050) differences in gene expression from that
during the monoculture fermentations were found at one or mul-

FIG 1 Monitoring of the growth of Bifidobacterium longum NCC2705 (triangles) and Eubacterium rectale ATCC 33656 (squares) as a function of time in the
presence of (A)XOS during monoculture fermentations in MCB and mMCB, respectively, and of both strains (circles) in the presence of (A)XOS during
coculture fermentations in MCB. (A to D) qPCR (gray lines) and PMA-qPCR (black lines) [expressed as log (tuf copy number milliliter�1)] of B. longum
NCC2705 (A and C) and E. rectale ATCC 33656 (B and D); (E) plate counts [expressed as log (CFU milliliter�1)] of B. longum NCC2705; (F) growth (expressed
as OD600 units) of B. longum NCC2705 and E. rectale ATCC 33656. The averages of three biological repetitions with corresponding standard errors are shown.
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tiple time points during the coculture fermentations with E. rec-
tale ATCC 33656 (Table 1). The RERs ranged from �12.048
to �14.770.

(a) Bifid shunt and metabolite production. Most genes involved
in the bifid shunt and metabolite production were significantly
differentially expressed after 3 h and 9 h of coculture fermentation
(Table 1). The genes involved in the degradation of arabinose
(ribulokinase, BL0274) and xylose (xylulokinase, xylB) to xylu-
lose-5-phosphate for entry into the bifid shunt were overex-
pressed after 3 h of coculture fermentation, together with the

genes involved in lactate (ldh1) and ethanol (adh2) production
(see GenBank accession number NC_004307). The RERs of the
xylulokinase gene (xylB) increased from 1.897 (P  0.018) after 3
h of coculture fermentation to 5.098 (P  0.003) and 14.770 (P �
0.001) after 6 h and 9 h of coculture fermentation, respectively,
and decreased again, although not significantly (P  0.055), after
24 h of coculture fermentation to �1.346. In contrast, despite the
high level of increase in gene expression (RER  5.549, P 
0.011) of the ribulokinase gene (BL0274) after 3 h of coculture
fermentation, the RERs dropped to values below �2.000 after 6

FIG 2 Quantitative analysis of arabinose, xylose, and XOS(A)XOS breakdown and metabolite production as a function of time with Bifidobacterium longum
NCC2705 (A and B) and Eubacterium rectale ATCC 33656 (C and D) in the presence of (A)XOS during monoculture fermentations in MCB and mMCB,
respectively, and with both strains (E and F) in the presence of (A)XOS during coculture fermentations in MCB. (Left) Monosaccharide and XOS(A)XOS

consumption is represented as residual concentrations (in millimolar) of arabinose ( ), xylose ( ), xylobiose ( ), xylotriose (�), xylotetraose (�), xylopen-
taose (�), and xylohexaose (Œ); (right) production (in millimolar) of the metabolites (and consumption of acetate) acetate (Œ), butyrate (Œ), ethanol (�),
formate (�), and lactate (}). The averages of three biological repetitions with the corresponding standard errors are shown.
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h and 9 h of coculture fermentation. Moreover, all studied
genes participating in acid and ethanol production were over-
expressed after 9 h of coculture fermentation.

(b) (A)XOS degradation. After 3 h and 9 h of coculture fermen-
tation, most genes involved in (A)XOS degradation were signifi-
cantly differentially expressed (Table 1). Two extracellular �-ara-
binofuranosidase genes (BL1543 and BL1544) were overexpressed

after 3 h of coculture fermentation. Also, after 3 h of coculture
fermentation, two intracellular �-arabinofuranosidase genes
(abfA2 and abfA3) were overexpressed, while the intracellular
�-arabinofuranosidase gene (abfA1) was underexpressed. In con-
trast, after 6 h of coculture fermentation, BL1543 and BL1544 were
underexpressed, and after 9 h of coculture fermentation, they were
again overexpressed. After 9 h of coculture fermentation, the in-

FIG 3 Qualitative analysis of AXOS breakdown as a function of time by Bifidobacterium longum NCC2705 (A) and Eubacterium rectale ATCC 33656 (B) in the
presence of (A)XOS during monoculture fermentations in MCB and mMCB, respectively, and by both strains (C) in the presence of (A)XOS during coculture
fermentations in MCB. HPAEC-PAD chromatograms of AXOS indicate signal intensity (in nanocoulombs [nC]) at each retention time (minutes). Double-
headed arrows represent the scale of the PAD response. Peaks D1 and D2 represent disubstituted AXOS molecules containing at least one disubstituted xylose
residue; peaks M1 to M8 represent monosubstituted AXOS molecules containing at least one monosubstituted xylose residue. Other peaks possibly represent
XOS(A)XOS molecules with chain lengths longer than the chain length of xylohexaose, for which no commercial standards are available. The data are represen-
tative of those from three biological repetitions of each of the fermentations.

FIG 4 Metabolic pathways and genes (reconstructed from the genome annotations based on information obtained from the NCBI, KEGG, and BioCyc
databases) studied in Bifidobacterium longum NCC2705 and Eubacterium rectale ATCC 33656 by RT-qPCR. The mutual cross-feeding interactions between B.
longum NCC2705 (represented by a bifid shunt on the left) and E. rectale ATCC 33656 (represented by a rod on the right) are represented as dashed lines. Dotted
lines represent enzymatic conversions that involve different steps. Metabolites that are underlined are released extracellularly. Gene functions are described in
Tables 1 and 2.
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tracellular �-arabinofuranosidase genes, BL1138 and BL0181,
were underexpressed and overexpressed, respectively, although
for the latter gene the expression level during the monoculture
fermentations (RER  1.352, P  0.036) was approximately the
same as that during coculture fermentations.

(c) Stress and cellular responses. All stress and cellular response
genes were significantly differentially expressed during the cocul-
ture fermentations at at least one time point, although only small
changes in gene expression compared to that during the monocul-
ture fermentations were found (RER range, �3.367 to�2.444;
Table 1). The largest change in gene expression was found for the
tuf gene (RER  �3.367, P � 0.001) after 6 h of coculture fermen-
tation. The chaperonin gene (groEL) and the Dps family protein
gene (BL0618) were underexpressed after 9 h and 24 h of coculture
fermentation. The gene encoding the molecular chaperone DnaK
was overexpressed after 3, 6, and 24 h of coculture fermentation.
The cell division protein gene (ftsZ) and the FoF1 ATP synthase
subunit � gene (atpA) were underexpressed after 24 h of coculture
fermentation. Also, atpA was overexpressed after 6 h of coculture
fermentation.

(ii) Effect of cocultivation on gene expression of Eubacterium
rectale ATCC 33656. For all 20 genes studied in E. rectale ATCC
33656 (Fig. 4), significant increases and decreases in gene expression
(P � 0.050) during the coculture fermentations with B. longum
NCC2705 compared to those during the monoculture fermentations
were found at at least one of the time points investigated (Table 2).
The RERs varied from �11.494 to �16.138.

(a) Pentose phosphate pathway and metabolite production. All
genes involved in the pentose phosphate pathway and metabolite
production were overexpressed after 3 h of coculture fermenta-
tion, except for the ribulokinase gene (EUBREC_0668) and the
butyryl-CoA dehydrogenase gene (EUBREC_0735), for which no
significant differences were found (Table 2). In contrast, those
genes were significantly overexpressed after 6 h of cocul-
ture fermentation, together with the transketolase gene
(EUBREC_2460) and the butyryl-CoA:acetate CoA-transferase
gene (EUBREC_3075), while the lactate dehydrogenase gene (EU-
BREC_2331) and the ferredoxin gene (EUBREC_1646) from the
membrane-bound ferredoxin oxidoreductase (Rnf) complex
were underexpressed. After 9 h of coculture fermentation, only
two genes, i.e., the xylulokinase gene (EUBREC_2559; RER 
1.935, P  0.014) and the ferredoxin gene mentioned above
(RER  �2.008, P  0.016), were significantly differentially ex-
pressed. After 24 h of fermentation, all genes were underexpressed
during the coculture fermentations compared to their levels of
expression during the monoculture fermentations.

(b) (A)XOS degradation. Although all five genes involved in
(A)XOS degradation were overexpressed after 3 h of coculture
fermentation, only the genes coding for exo-oligoxylanase
(EUBREC_1040), �-xylosidase (EUBREC_1044), and �-arabino-
furanosidase (EUBREC_2454) were significantly differentially ex-
pressed compared to their levels of expression during the
monoculture fermentations (Table 2). After 6 h of coculture fermen-
tation, a significant increase in gene expression was found for the

TABLE 1 RERs of genes involved in the bifid shunt and metabolite production, (A)XOS degradation, and stress and cellular responses in
Bifidobacterium longum NCC2705 at different time points during growth in MCB supplemented with (A)XOS in coculture with Eubacterium rectale
ATCC 33656

Metabolic pathway Gene, proteina

3 h 6 h 9 h 24 h

RERb Pc RER P RER P RER P

Bifid shunt and metabolite
production

BL0274, ribulokinase 5.549 0.011 �2.500 0.004 �2.004 �0.001 1.209 0.288
xylB, xylulokinase 1.897 0.018 5.098 0.003 14.770 �0.001 �1.346 0.055
BL0959, bifunctional xylulose-5-phosphate/

fructose-6-phosphate phosphoketolase
�2.825 0.016 �1.600 0.167 �1.859 0.001 1.109 0.635

ldh1, lactate dehydrogenase 1.945 0.017 �1.325 0.055 3.185 �0.001 �1.011d 0.951
ldh2, lactate dehydrogenase 1.170 0.627 �1.151 0.584 2.615 �0.001 �3.817 �0.001
ackA, acetate kinase 1.489 0.209 �1.074 0.629 2.913 �0.001 1.676 0.034
adh2, bifunctional acetaldehyde-CoA/alcohol

dehydrogenase
7.498 �0.001 �1.364 0.359 1.851 �0.001 �1.799 0.021

(A)XOS degradation BL1543, extracellular �-arabinofuranosidase 6.177 0.003 �7.752 �0.001 2.737 0.008 �1.675d 0.017
BL1544, extracellular �-arabinofuranosidase 3.794 0.006 �12.048 �0.001 2.909 �0.001 �1.538d 0.043
BL0181, intracellular �-arabinofuranosidase �1.385 0.239 1.093 0.733 1.352 0.036 1.083 0.554
abfA1, intracellular �-arabinofuranosidase �1.965 0.006 1.768d 0.001 �2.882d �0.001 1.246d 0.111
abfA2, intracellular �-arabinofuranosidase 8.708 0.006 �1.984 0.081 �1.475 0.103 �1.307d 0.334
abfA3, intracellular �-arabinofuranosidase 2.284 0.004 1.809 0.062 �1.410 0.103 �2.070d 0.006
BL1138, intracellular �-arabinofuranosidase 1.358 0.349 �1.144 0.606 �2.618 �0.001 �4.505d �0.001

Stress and cellular
responses

groEL, chaperonin GroEL �1.131 0.499 1.106 0.623 �2.058 �0.001 �2.494 0.001
dnaK, chaperone DnaK 3.265 �0.001 1.544 �0.001 1.034 0.811 1.706 0.019
BL0618, Dps family protein 1.316 0.574 �1.070 0.717 �2.058 0.015 �2.088 �0.001
ftsZ, cell division protein 1.209 0.482 1.144 0.373 1.164 0.216 �2.257 �0.001
atpA, FoF1 ATP synthase, subunit � �1.256 0.395 2.444 �0.001 1.246 0.056 �2.347 0.001
tuf, elongation factor Tu �1.664 0.174 �3.367 �0.001 �1.247 0.424 1.009 0.968

a Gene functions are described in Table S3 in the supplemental material.
b Monoculture fermentation with B. longum NCC2705 in MCB with (A)XOS was used as a control. RERs depicted in bold showed a significant difference between the co- and
monoculture fermentations (P � 0.050).
c Statistical significance was determined using REST 2009 software on the basis of a pairwise fixed reallocation randomization test with 2,000 permutations.
d RERs could not be interpreted, as the CT values obtained were above the CT cutoff value.
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bifunctional �-xylosidase/�-arabinofuranosidase gene (EUBREC_
1042), while the other genes were underexpressed. After 24 h of
coculture fermentation, all five genes were significantly differ-
entially expressed compared to their levels of expression dur-
ing monoculture fermentations, and of these, two genes
(EUBREC_1040 and EUBREC_2454) were overexpressed and
the other three genes (EUBREC_1042, EUBREC_1044, and
EUBREC_2578) were underexpressed.

(c) Stress and cellular responses. The genes involved in stress
responses (the chaperone DnaK gene [EUBREC_0020] and the
chaperonin GroEL gene [EUBREC_2270]) were either overex-
pressed or underexpressed at the different time points during the
coculture fermentations (Table 2). The largest change in expres-
sion was found for the chaperone DnaK gene (RER  4.765, P �
0.001) after 6 h of coculture fermentation. At that time, all genes
involved in cellular functions (atpA, tuf, and ftsZ) were signifi-
cantly overexpressed, while expression was gene dependent at the
other time points.

DISCUSSION

The present study revealed the presence of complex cross-feeding
interactions between B. longum NCC2705 (an acetate producer)
and E. rectale ATCC 33656 (an acetate-converting butyrate pro-

ducer) during coculture fermentation, an overview of which is
represented in Fig. 4. Both B. longum NCC2705 and E. rectale
ATCC 33656 used the (A)XOS substrate, although to different
extents (Fig. 4). The B. longum strain displayed an extracellular
arabinose substituent-oriented AXOS metabolism; i.e., it con-
sumed the arabinose substituents of AXOS and released decorti-
cated xylose backbones (XOS) into the extracellular medium (32)
(Fig. 4). The E. rectale strain displayed a nonpreferential extracel-
lular (A)XOS metabolism; i.e., it consumed the whole (A)XOS
substrate, possibly at its cell surface, and released arabinose and
xylose into the extracellular medium (Fig. 4). The cross-feeding
interactions were mutually beneficial, as both strains benefited
from each other’s presence. The E. rectale strain produced bu-
tyrate by means of a butyryl-CoA:acetate CoA-transferase thanks
to the acetate produced by the B. longum strain, resulting in a
butyrogenic effect, while the B. longum strain took advantage of
the monosaccharides released by the extracellular degradation of
(A)XOS by the E. rectale strain, resulting in an increase in its cell
concentration, the production of even more acetate, and, thus, a
bifidogenic effect (Fig. 4).

Coculture fermentations with B. longum NCC2705 and E. rec-
tale ATCC 33656 started with higher levels of expression of their
genes involved in (A)XOS degradation and metabolite production

TABLE 2 RERs of genes involved in the pentose phosphate pathway and metabolite production, (A)XOS degradation, and stress and cellular
responses in Eubacterium rectale ATCC 33656 at different time points during growth in MCB supplemented with (A)XOS in coculture with
Bifidobacterium longum NCC2705

Metabolic pathway Gene, proteina

3 h 6 h 9 h 24 h

RERb Pc RER P RER P RER P

Pentose phosphate pathway
and metabolite
production

EUBREC_0668, ribulokinase 2.298 0.087 2.155 0.025 1.179 0.417 �3.425 �0.001
EUBREC_2559, xylulokinase 6.574 �0.001 1.574 0.232 1.935 0.014 �6.329 �0.001
EUBREC_2460, transketolase domain

protein
16.138 �0.001 2.426 0.043 1.444 0.255 �7.692 �0.001

EUBREC_1724, lactate dehydrogenase 1.830 �0.001 1.593 0.229 �1.376 0.160 �2.024 0.010
EUBREC_2331, lactate dehydrogenase 4.653 �0.001 �1.808 0.002 �1.126 0.497 �4.831 �0.001
EUBREC_ 1472, pyruvate:ferredoxin

oxidoreductase
3.594 �0.001 1.165 0.535 1.300 0.115 �1.852 �0.001

EUBREC_0735, butyryl-CoA dehydrogenase
belonging to the Bcd/Etf complex

1.652 0.141 2.879 �0.001 �1.395 0.253 �2.294 0.001

EUBREC_3075, butyryl-CoA:acetate
CoA-transferase

3.234 0.047 2.877 0.002 1.113 0.435 �5.556 0.015

EUBREC_2390, ferredoxin hydrogenase 2.631 0.002 1.092 0.361 1.579 0.089 �3.344 �0.001
EUBREC_1646, ferredoxin belonging to the

Rnf complex
4.030 �0.001 �1.502 0.017 �2.008 0.016 �3.436 �0.001

(A)XOS degradation EUBREC_1040, exo-oligoxylanase 2.381 0.016 �1.969 0.015 1.290 0.209 1.780 0.010
EUBREC_1042, bifunctional

�-xylosidase/�-arabinofuranosidase
1.561 0.162 3.865 �0.001 1.027 0.867 �11.494 �0.001

EUBREC_1044, �-xylosidase 2.133 0.005 �1.218 0.344 �1.163 0.360 �6.289 �0.001
EUBREC_2454, �-arabinofuranosidase 4.192 �0.001 �2.326 0.007 �1.178 0.370 2.307 0.003
EUBREC_2578, �-arabinofuranosidase 1.062 0.809 �2.237 0.003 �2.174 0.002 �2.268 0.001

Stress and cellular
responses

EUBREC_2270, chaperonin GroEL �1.508 0.007 �1.256 0.233 1.533 0.027 �3.040 �0.001
EUBREC_0020, chaperone DnaK �1.524 0.075 4.765 �0.001 1.292 0.281 �1.972 0.002
ftsZ, cell division protein 2.075 �0.001 1.533 0.050 �1.133 0.249 �2.222 0.027
atpA, FoF1 ATP synthase, � subunit �1.567 0.110 3.950 �0.001 �2.096 0.014 �1.536 0.004
EUBREC_0383, elongation factor Tu 1.852 0.021 1.971 �0.001 �1.010 0.975 �1.379 0.062

a Gene functions are described in Table S4 in the supplemental material.
b Monoculture fermentations with E. rectale ATCC 33656 in mMCB with (A)XOS was used as a control. RERs depicted in bold showed a significant difference between the co- and
monoculture fermentations (P � 0.050).
c Statistical significance was determined using REST 2009 software on the basis of a pairwise fixed reallocation randomization test with 2,000 permutations.
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compared to their levels of expression during monoculture fer-
mentations. The B. longum strain overexpressed its two extracel-
lular �-arabinofuranosidase genes (BL1543 and BL1544) and two
of its five intracellular �-arabinofuranosidase genes (abfA2 and
abfA3), and this was accompanied by the overexpression of the
ribulokinase gene, which is involved in arabinose degradation to
xylulose-5-phosphate, which is part of the bifid shunt. Overex-
pression of BL1543 and abfA2 (which for the latter, however, was
not significant) occurred for the growth of B. longum NCC2705 on
AX, too (49). However, the function of intracellular �-arabino-
furanosidases in B. longum NCC2705 is unknown, as the degrada-
tion of AXOS, with a concomitant increase in the amount of
AXOS-derived decorticated XOS in the medium, indicates an ex-
tracellular arabinose substituent-oriented AXOS metabolism
(Fig. 4) (32). Moreover, until now, no (A)XOS transporters or
intracellular XOS-degrading enzymes have been found in B.
longum NCC2705 (32, 34). Consequently, it is likely that B.
longum NCC2705 does not consume (A)XOS intracellularly. Dur-
ing coculture fermentation, the B. longum strain also overex-
pressed its alcohol dehydrogenase gene, which could be correlated
with a higher level of production of ethanol. Indeed, in Bifidobac-
terium spp., pyruvate can be converted into formate, acetate, and
ethanol (Fig. 4), at the expense of lactate, to respond to a higher
energy demand when growing on complex carbohydrates, which
results in a lower growth rate and a shift from lactate production
to mixed acid production (12, 37, 50–52). The production of ad-
ditional ethanol allowed the B. longum strain to regenerate more
NAD�, which is important for continuation of the upper path-
ways. Similarly, the E. rectale strain significantly overexpressed its
xylulokinase and transketolase genes and genes involved in me-
tabolite production. Despite the overexpression of the genes in-
volved in butyrate production, no more butyrate was produced
during coculture fermentation than during monoculture fermen-
tation. Also, the overexpression of three genes encoding intracel-
lular (A)XOS-degrading enzymes was found. However, also in
this case, their contribution to (A)XOS degradation is still unclear,
as the extracellular release of arabinose and xylose by the E. rectale
strain indicated the presence of extracellular (A)XOS-degrading
enzymes (Fig. 4) (32). These findings suggest that other yet un-
identified genes in the genome of E. rectale ATCC 33656 contri-
bute to extracellular (A)XOS degradation or that (A)XOS are
transported into the cell with a concomitant degradation and ex-
port of arabinose and xylose out of the cell. The latter mechanism
seems to be less plausible, because this would be a waste of energy,
as E. rectale would eventually use its own released arabinose and
xylose molecules. Likewise, overexpression of the �-endoxyla-
nase, �-xylosidase, exo-oligoxylanase, and �-arabinofuranosidase
genes has been reported in Bacteroides thetaiotaomicron ATCC
29148 and B. longum NCC2705 when they are grown together in
the cecum of germfree mice that are fed a chow diet (53). Also,
cocultivation of B. longum NCIMB 8809 and Bifidobacterium
breve NCIMB 8807 or Lactobacillus delbrueckii subsp. lactis 193 in
de Man-Rogosa-Sharpe medium increased the production of en-
zymes related to carbohydrate metabolism (54, 55). Similarly,
genes related to carbohydrate metabolism in Lactobacillus paraca-
sei ATCC 334 and Lactococcus lactis subsp. cremoris SK11 are over-
expressed when these organisms are grown together during cheese
making (56). These data suggest that B. longum NCC2705 and E.
rectale ATCC 33656 adjusted their carbohydrate metabolism to
increase their ability to compete for (A)XOS during cocultivation.

Alternatively, the increase in gene expression that was found
could also be the result of a synergistic and, thus, more efficient
(A)XOS degradation pattern when both strains are present, as this
degradation requires the cooperative action of several carbohy-
drate-active enzymes encompassing �-arabinofuranosidases,
�-endoxylanases, �-xylosidases, and exo-oligoxylanases (57).
During cocultivation, the B. longum strain took advantage of the
set of (A)XOS-degrading enzymes encoded by the genome of the
E. rectale strain (Fig. 4). Indeed, coculture fermentation with E.
rectale ATCC 33656 gave B. longum NCC2705 access to the other-
wise inaccessible decorticated XOS and XOS(A)XOS molecules of
(A)XOS, and it thereby consumed the extracellular xylose released
by the E. rectale strain through (A)XOS degradation (Fig. 4). This
resulted in a regain in growth of the B. longum strain after it ini-
tially reached its stationary growth phase. In accordance with the
presence of higher concentrations of free extracellular xylose dur-
ing coculture fermentation, overexpression of the xylulokinase
gene occurred in the B. longum strain throughout fermentation.
The highest increase corresponded to the moment that a sudden
decrease in the xylose concentration occurred, and this was ac-
companied by the production of additional acetate, ethanol, and
formate (but not lactate) and overexpression of the corresponding
genes in the B. longum strain. At this point, overexpression of the
extracellular �-arabinofuranosidases (BL1543 and BL1544) oc-
curred; however, this was in contradiction to the underexpression
of the ribulokinase gene and the exhaustion of the arabinose sub-
stituents of the AXOS molecules. It has been shown that BL1543
can get overexpressed in B. longum NCC2705 during fermenta-
tion in the presence only of xylose (49). However, as B. longum
NCC2705 consumed the arabinose and xylose liberated by E. rec-
tale ATCC 33656 during cocultivation, there was a faster depletion
of these monosaccharides than during fermentation with the E.
rectale strain solely. This was accompanied by the underexpres-
sion of the ribulokinase, xylulokinase, and transketolase genes and
genes involved in metabolite production in E. rectale ATCC 33656
toward the end of the fermentation. This in turn resulted in less
butyrate production (and, thus, less ATP production) during co-
culture fermentation than during monoculture fermentation and
led to a significant decrease in the viability of the E. rectale strain
during its stationary growth phase. As the total cell concentra-
tions, i.e., the concentrations of dead and viable cells, also de-
creased during coculture fermentation, it can be suggested that
cell lysis of E. rectale ATCC 33656 took place. This could be ben-
eficial for other still living cells by providing building blocks for
their further growth and maintenance (58). Although the pres-
ence of B. longum NCC2705 led to less butyrate production and
decreased viability, without B. longum NCC2705 and, thus, with-
out its acetate production, E. rectale ATCC 33656 could not grow
or produce butyrate.

The presence of the E. rectale strain did not represent a major
stress for the B. longum strain, as rather small changes in the levels
of expression of stress and cellular response genes in B. longum
NCC2705 occurred during coculture fermentation. Indeed, un-
derexpression of the BL0618 gene, thought to be involved in star-
vation stress and to be important for competition in the stationary
growth phase during cocultivation, occurred (59, 60). The over-
expression of the dnaK gene did not necessarily imply stress, as
molecular chaperone-encoding genes are also expressed during
common growth (i.e., under nonstressful conditions) to assist
with the proper folding process of new proteins (61, 62). However,
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the B. longum strain reached the viable but noncultivable state in
the stationary growth phase faster during coculture fermentation,
which was reflected in the decreased expression of the gene encod-
ing a cell division protein. The presence of more acids in the me-
dium could explain why the B. longum strain was more stressed.
The differential expression during coculture fermentation of all
genes involved in stress and cellular functions in the E. rectale
strain could not be linked directly to changes in the metabolism
and viability of the E. rectale strain.

In conclusion, the present study showed that the bifidogenic
and butyrogenic effects of AXOS are the result of AXOS degrada-
tion by bifidobacteria and acetate-converting butyrate-producing
colon bacteria, respectively, as a result of mutual cross-feeding
interactions. Hence, these cross-feeding interactions favor the co-
existence of bifidobacterial strains and acetate-converting bu-
tyrate producers in the same ecological niche. The interactions
between B. longum NCC2705 and E. rectale ATCC 33656 seem to
be based on the reciprocal exchange of metabolites (acetate and
xylose, respectively), as changes in gene expression could be linked
to changes in carbohydrate consumption and concomitant me-
tabolite production. However, the presence of other bacterial
strains that consume AXOS in the human colon complicates the
attempts to fully understand and predict the bifidogenic and bu-
tyrogenic effects of AXOS at the moment. Nevertheless, this work
contributes to a better understanding of the complex bacterial
interactions and stimulation of beneficial bacteria in the human
colon ecosystem.
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